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A bstrac.t

‘1’hc e.w)lution  of polar ozone obse.rvcd  by the LJppcr  Atmosphere Research Satellite

Microwave I.imb Sounder is described for the northern hemisphere (N1 I) winters of

199 1/1 992, 1992/1 993, and 1993/1  994, and the southern hemisphere (S11) winters of

1992 and 1993. Ozone in the Illi(l-str:itosl)lleric vortex increases over the winter, with

largest increases associ[tted with stratospheric warmings,  :ind a much larger increase ill

the N] I than in the S11. A smaller NII increase was observe.d in 1993/1994, when the

middle stratospheric vortex was strollgcr. Ozone mixing ratios decrease rapidly in the

late winter  S} J lower stratosphere, as expectecl from chemical destruction due to enhanced

reac(ive chlorine. The interplay between dynamics and chemistry is more complex in the

NH lower stratosphere; however, evidence has previously been shown for chemical ozone

destruction in the 199 1/1 992 anti 1992/1 993 winters. We show here evidence suggesting

chemical destruction in late ];cbl”uary  and early March 1994.

~’he synoptic evolution in the late winter tlli~l-stratos~>llele  shows large tongues of

high ozone drawn in from low latitudes, and tails of low ozone drawn off the wmex edge

during stratospheric warmings. in the N] 1 late winter lower stratosphere, the areal extent

of high ozone values (typical of the vortex) seen in mid-latitudes depends on the strength

of tbe lower stratospheric vollex,  with the largest extent of high ozone outside the vortex

in 1994, when the lower stratospheric vor[ex is relatively weak, and the least extent in

1993 when the lower stratospheric vortex is strongest.

Iliffereaces  between N] 1 an(i S1+ dynamics result in very different vertical distribu-

tions of high latitude ozone  in the two hemispheres. in late winter, the middle and upper

stratosphere contribute more to the column in the NH high latitudes than in the SH; thus

]Owel” stratospheric Changes nl”e 110[ readi]y apparent in N]] co]LImn ozone measurements,
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lntrocludion

Knowledge of the evolution ol ozone in the stratospheric polar vortex is crucial to

understanding the chemical and dynamical nlmhanisms in that region, as well as diagnos-

ing the influence of the polar regions on global ozone. J’reviously  available ozone data

are limited in vertical, latitudinal and tenlporal  coverage, with few dam available in the

polar night or in the lower stratosphere.

7’he Microwave Limb Sounder (MI,S) on board the Upper Atmosphere Research

Satellite (UARS) has now measured concentrations of several species of interest in the

middle atmosphere, including ozone and 00, through three northern hemisphere (Nl{)

and two southern hemisphere (SH) winters. M1.S measurements extend throughout the

stratosphere and include the polar nig}lt. They provide unprecedented coverage of the

winter polar regions, including the vertical distribution of ozone and both northern and

southern polar regions. l-he only similar data are from I.IMS, but they cover only one

N] 1 winter. Froidevaux  et al. [ 1994a,  submitted m j. A ftws.  Sci, ] describe the general

features of MLS omne, focusing on the zonal mean; Elson et al. [ 1994, submitted to J

A fmos. Sci. ] show corresponding observations of planetary scale waves in ozone. Waters

et al. [ 1993a] show the evolution of vortex averaged ozone in the Arctic lower strato-

sphere during the 199 1/1 992 winter, and h4anney c.t al. [ 1993] and Waters et al. [ J 993b]

rqmll  on some aspects of ozone evolution in (}]c 1992 Antarctic late winter. Manney  et

al. [ 19942] show the evolution of omne  in the N]] lower stratosphere in late winter 1993.

In the following, we describe the distribution and evolution of ozone during winter

(December through March in the NH and June through September in the SH) in relation

to the structure and evolution of the stratospheric polar vortex, for each of the winters

with MLS observations. We focus on the vertical distribution and comparisons between

the winters. We also show the evolution of synoptic features during late winter in both

hemispheres, Differences in the distributions in the two hemispheres and possible
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illll>licatic~llsf(~rttle  dynamical find chemical pmcesse.st hat affect 07.one are discussed

Data and Analysis

“l’he MI.S 07.one data are from the 205 (31-17. radiometer; they have horizontal resolu-

tion of =400 km and vertical resolution hf ==4 km; however, current retrievals are per-

formed on a vertical grid with =6 km spacing [ l;midevaux  et al. 1994, submitted to ./.

A imos. Sci, ]. ‘1’he measurement technique is described by Waters [ 1993] and the UARS

Ml .S instrument by Barath et al. [1993]. Retrieval methods are sunlnlari7.ed by Froide-

vaux et al. [ 1994, paper in preparation]. Precision (rms) of individual 07.one nleasure-

mcnts  from 50 hPa to 1 hPa are =0.3 ppmv, with absolute accuracies of =5-- 10% in the

middle and upper stratosphere, and =10--30% in the lower stratosphere [Froidevaux  et al.

1994, submitted to J. A?m4N. Sci. ]. The ozone data used here are grid~ied using Fourier

transform techniques that separate time and longitude variations [ Hlson and Fmidevaux

1993].

~’he Rossby-Ertel  potential vorticity  (PV) is used to describe the polar vortex. The

meteorological data used in cotljunction  with the M1..S data are analyses from the United

Kingdom Meteorological Office (UKMO) assimilation system [Swinbank  and 0’Neill,

1994]. The UKMO a’nalyses  are currently baseci  on NOAA operation] sounders and do

not as yet include assiniilation  of [JARS data. Winds and temperatures are use(i to calcu-

lnte PV employing the algorithm described by Manney and Zurek [ 1993]. Since MI.S

temperatures are currently available only for pressures <22 hPa, LJKMO  temperatures are

used to interpolate gridded  MIA ozone to ise,ntropic (potential temperature, 0) surfaces.

I’V is scaled in “vorticity  units” , where it is divided by a standard atmosphere value of

the static stability [Manney  and Zurek 1993; Dunker ton and Delisi 1986], for exan~ina-

tion of vertical sections. With this scaling, PV on isentropic  surfaces throughout the

stratosphere has a similar range of values.
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MI,S data are now available for the 1991 /19(j2, 1992/1993, and 1993/1 994 winters

in the NH, and 1992 and 1993 winters in the SH, Ilecause  of the LJARS orbit, the MI.S

instrument switches from viewing ~34c)S  to SO(’N to viewing =80°S to 34(’N approxi-

mately every 36 days. This observational pattern provides nord~-Iooking  observations

during December and early January and nlid-February  to nlid-March;  and south-looking

observations during June and early July, and n~id-August  to n~id-Septen~ber.  A summary

of the observational coverage for winter high latitudes is given in Table 1, with dates

noted when MIS dab~ are missing or incomplete. Days when sufficient data were nliss-

ing that the [<c~~lrier-trallsfort~~  gridding procedure was not reliable can be seen as blank

spaces in”the time series shown (Figures 5 and 6).

“1’irtIe  Evolution of Ozone and the Polar Vortex

Figure 1 shows time-mean, z,onal-metin  plols of omne  as a function of latitude and

pressure for each of the early and late winter periods examined, and plots of the differ-

ence between the corresponding early and late winter time mean fields. Each tinle-

average is for 30 consecutive days, so those for Jun/Jul  1992., Dec 1993 and Feb/h4ar

1994, when there are missing data, include less than 30 days of data (Table 1). A number

of features are apparent in the mid- and high-latitude OZOIK distributions that are similar

to climatological ozone from SBUV shown by Nag,atani  et al. [ 1988] (although SBIJV

tiata do not cover the polar night or the lower stratosphere). In early winter, the level of

maximum ozone  mixing ratio tilts upward toward the pole, an effect which is much more

pronounced in the SH than the NH. This feature has previously been noted in other

ozone  data [e.g., Dutsch 1974, Wu et al, 1985], in the data shown  here, and in the SBLJV

climatology, the ozone mixing ratio at high latitudes peaks at =5 hPa in the NH (slightly

higher in Dec 1993), and =2 hPa in the SH. in Ilec 199J and Dec 1992, this upward shift

with latitude of the ozone maximum is less pronounced than in Dec 1993 anLi in the
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JV climatology. Mtinney et al, [ 1994c, submitted to Q J, Roy. Mctco~ Sot. ] showed

minor warm ings in N] I em]y winter 1993 hod less influence on the LJpper strato-

sphere tlum in the NH 1991 and 1992 early winters; the qualitative differences in the

1993 early winter zona] mean from the 199 I and 1992 fields suggest that transport associ-

ated with these events is instrummtal in dctc, nnining the, early winter ozone distribution

in the middle and upper stratosphere. ‘1’hc upward tilt with latitude results from a con~bi-

nation of photochemical  and vertical transport processes [f ’erliski and London 1989] and

has been reproduced in a number of tw(~-~lil~lel~si(~l~aI  mode] calculations Ie.g.,  Ko et al.

1984,  Tung and Yang 1988, Yang et al. 199 1]. in the S13 during early winter, there is a

shoulder apparent below 10 hPa near 50-600 latitude, which also appears, but is not as

pronounced, in the SBUV clitnato]ogy  md in the N} I in Ilec 1993. l’his feature has also

been reproduced in two-d irnensiona]  model simulations [e.g., ‘1’ung and Yang 1988].

llrring late winter, the upward altitude shift with latitude of the ozone peak is less

pronounced than during early winter, particularly in the S11. For each period, the high

latitude ozone peak in late winter is between 5 hPa and 3 hPa. in the NH in 1991/1 992

and 1992/1  993, ozone at high latitudes is greater in late winter than in December at all

altitudes above the =S0 h]% pressure. level. In contrast, in the N} 1 in 1993/1994, and in

the S11, mid-stratospheric ozone is greater in late winter below the altitucie of the ozone

mixing ratio peak, an(i smaller in late winter above. ‘1’his pattern of differences is due to

the relatively high altitude of the ozone peak in early winter in the S1+ and in the NH in

1993/ 1994, and to the lack of strong  wurming events, with their associate-d increase in

upper stratospheric ozone, in midwinter in each of these time periods, in these important

respects, the N] 1 middle  and upper stratosphere in 1993/1 994 winter resembles the SH

winters more. strongly than it does the previous two NH winters. ‘1’he decrease above the

ozone  peak in the N]-] in 1993/1 994 and in the S11 winters shows that downward transport

(which decreases ozone above the peak) dominates poleward transport (which increases

high latitude ozone) in the upper stratosphere for these. winters.
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ln the S} 1 lower stratosphere, the formation of the “mone

large high latitude decrease between early and late winter; this

hole” is apparent in the

decrease continues into

c.arl y spring. AlthoLIgh  chemica]  dc.pletion  occurred in the NI 1 lower stratosphere in

f+l>/Mar  1993 [Manney  et al. 1994a] only a very slight  decrease is seen below =50 hPa

be.twcmn early and late winter in the difference plot. Several factors contribute to the lack

of an obvious decrease here, namely: I ) the Nl 1 decrease is smaller than in the S1 I, 2)

most of the decrease occurs between mid- f:ebruary  and n~id-March so it is washed out in

the time mean, and 3) the z.onal  mean is less representative of the flow in the N] 1 so vor-

tex and extra-vmlex  values are averaged together [e.g., h4anney  et al. 1994a].

as a function of scaled PV and 0,

periods covered are the same as in

Figure  2 shows another view of the average early winter and late winter ozone distri-

butions. Time mean ozone mixing ratios are plotted

with omne  averaged around a PV contour. “1’hc time

I ~ig. 1. Although the relationship between I’V and a chemical tracer changes over the 30

day averaging period due to diabatic  and othc.r  non-conservative processes [e.g., Butchart

and Remsberg  1986; 1 Jaynes and McIntyre 1987], this type of average approximately

separates vortex and extra-vortex values, whereas a 7,0nal  mean typically does not, The

comparison between early and late winter distributions indicates the overall type of

changes that occur in (he relationship between PV and ozone mixing ratio. changes  in

the vertical distribution of omne appear  similfir to those in I;ig. I when viewed with

respect to 0. In 199 1/1 992 and 1992/1 993 in the NH, higher cmone  values  are seen at a

given PV in the late winter t~~id-stratc),s~>llere  than in early winter, whereas in 1993/1 994,

and in the S}1, lower ozone values are se.cn at a given PV in the late winter nlid-

stratosphere.

The development of the general distributions and relationships showJl  in Fig. 1 and

l:ig. 2 is examined below using the available data to show the day-to-day evolution of

ozone and its relationship to the evolution of the polar  vortex for each winter.
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Figures 3 and 4 give an overview of [he evolution of the polar vortex throughout

each winter. Area integrals of PV [ Butchart and Remsberg  1986] derived from the

UKM() analyses are shown in Fig. 3 for IIecember (June) through March (September) in

the N13 (S11), at 840 K (near 10 hPa, in the. middle stratosphere) and 465 K (near 50 hPa,

in the lower stratosphere). Figure 4 shows time series as a function of O of minimum

-4 s-ldaily temperatures in the region inside the I.4 X 10 scaled PV contour (bold contoitr

in Fig. 3). Strong stratospheric warmings  are common  in the NH winter. In 1992, there

was n nearly-major warming in nlid-January  [Nalljokat  et al. 1992, Manney  and Zurek

1993]. in 1993, two strong warmings occurred in n~id-February  and early March [Man-

ney et al. 1994b]. In 1994, there W(IS a virtlially-major  warming at the end of Dec

1993/beginning of Jan 1994. These events are :ipparent  in the 840 K plots of the vortex,

when contours of PV in the region of strong gradients (inclicating  the edge of the vortex)

begin to spread out, and the area within them shriilks; the approximate times of the peaks

3. In addition, during the strongestof significant warming events are indicated in Fig. .

warmings, and during the NH final warming, the region of strong  PV gradien~s may shift

so that PV contours that were toward the low PV side. of this region are outside of it (e.g.,

March 1992 in Fig. 3). l’he warmings are apparent ill Fig. 4 as an increase in minimum

temperatures or a stecpciling  of an already increasing temperature trend. After the warnl-

ing in late January 1992, the l~lid-str:~tosl>l~cric  vortex remains weaker and smaller

through the remainder of the winter, until the final warming in late March. In 1993, the

Iatc warmings in Februtiry  and early M:irch  lead directly into the final warming. In con-

trast, the vortex in 1994 recovers considerably after the strong warilling  in early January,

and no more strong warmings occur until the beginning of the final warming in late

March; PV gradients in the mid-stratosphere remain strong  much later than in 1992 or

1993, reminiscent of the S1-1. ‘l’he mid-stratospheric vortex in the S1{ is considerably

stronger and larger than the NH vortex, anti there is little impact of strong wave activity

before the end of August. in 1992, there arc several ininor  warmings in late Augustlearly



. .

September [Fishbein  et al. 1993, Manney  et al. 1993], and strong  wave activity continues

m erode the vortex after this time. in 1993,  the vortex remains strong throughout the

period shown, with one warming event noticeable in late August. Minor warmings in

cad y winter {i.e., Nov/Dec  (May/Jun) in the NI 1 (S11) } are common  in both hemispheres

[ Manney et al. 1994c,  submitted m Q. Y. Roy. fvlctco~  Sot.], although they have little

impact on the development of the S13 polar  vortex. ‘1’he approximate times of the largest

early winter warmings  are also indicated on Fig. 3.

At 465 K, in the lower stratosphere, the effect of stratospheric warm ings on the vor-

tex evolution in the NH can again be seen in a weakening of the strong PV gradients and

decrease in the area enclosed by the contours. ~’his occurs later than the corresponding”

change in the mid-stratosphere. Agai~i, as is well known, the vortex is larger and stronger

in the S13; stratospheric warmings there are weaker and generally confined to higher alti-

tudes [e.g., Fishbein  et al. 1993], so their effect is not apparent at this level. The strong

warmings in mid-winter and late winter in {he NH are usually sufficient to raise lower

stratospheric temperatures above the PS~ formation threshold, while SH lower strato-

spheric temperatures remain we]] below this threshold throughout the winter (Fig. 4).

overall, NH lower stratospheric temperatures were lowest and most persistently low in

1993 and highest in 1994 until late February. (l)nsistent  with this, the lower stratospheric

vortex in 1993/1994 is slightly weaker than in 1991/1992, and much weaker than in

1992/ 1993 (Fig. 3). In late February 1994, the lower stratospheric vmex strengthens,

and temperatures decrease below the PS~ formation thresho]d  for an approximately twc)

week period.

Figure 5 shows a view of the time evolution of MLS ozone as a function of height in

each early and late winter high-latitude viewing period, An area-weighted average of

-4 \-1ozone at locations  with scaled PV greater than 1.4 x 1() : (this PV contour is indi-

cated in Figs. 2 and 3) is shown. Plots of renal mean M1.S ozone as a function of time

and latitude throughout the stratosphere are shown by Fmidevaux  et al. [ i 994, submitted
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(() ./. Atmos. Sci. ]. The PV contour  chosen is always  in the region of strong  PV gradients

for tile.se periods, nlthough  in the N] 1 tl~i(l-strat(~sI~l~ere  it is near the the outside of this

region (Fig. 3). It thus serves as a guide for averaging over ozone that is generally within

the polar vortex. The genera] features of the average shown in Fig. 5 are not highly sensi-

tive to the exact PV contour used for the average, as long as it is in the region of strong

PV gradients.

in the middle  and upper stratosphere (0 > 69(I K,

ozone mixing ratio peak) the trend is for vortex ozone

and especially near the.  level of the

to decrease slightly in early winter

in the NH, and in early-to-mid winter in the S}+. This decrease is terminated by an over-

all, but episodic increase in mid-to-late winter which by the final warming in the NI-1 pro-

duces the highest ozone mixing ratios for the year in the polar regions, In the SH, the

final warming is much later (mid-November in both 1992 and 1993); by the end of the

period shown here, peak ozone mixing ratios are alreacly  comparable to the values at the

beginning of the early winter period. ‘1’he timing, intensity, and persistence of warming

events are critical to the detailed features seen in individual years.

The NH early winter 1992/1 993 vm~ex was relatively strong and not much disrupted

by warmings, and the decrease in area-averaged ozone in the upper stratosphere was

apparent in early December and persisted through the early winter period (Fig. 5). Early

winter 07.one  decreases in 1991/1992 and 1993/1994 are apparent] y temporari]  y reversed

by minor warmings in December which more strongly affecte~i  the vortex. The general

increase in the Nl 1 began earliest in 199 1/1 992, coincident with the strong warming in

early to mid-January 1992 that significantly eroded the vortex. Ozone in early February

1994, when Ml S resumed looking north in that year, is higher than it was in early Jan-

uary 1994. I’his suggests that the virtually-major warming at the end of December

1993/beginning of January 1994 may have produced a significant increase in vortex

07/onc.
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In the NH late winter, strong  warming events arc accompanied by a sharp increase

in the area-averaged (vortex) ozone  mixing ratios in the middle  and upper stratosphere.

in March 1992 the vortex is already weak as the final warming begins, and ozone

increases gradually. Rapid ozone increases are seen at the time of stratospheric warmings

in February and early March 1993. ]n 1994, no strong warmings occur after early Jan-

uary, and vojlex  ozone does not increase substantially until the beginning of the final

warming in nlid-March.

in the S}3, the decrease in vortex ozone near the mixing ratio peak in early winter

1992 resembles that in the NH in December 1991 and 1993. However, the increase in

vmlex ozone is smaller and occurs much later, consistent with the presence of a strong

PV barrier throughout the period considered here. Ozone increases begin in early

September, when minor warmings begin to significantly weaken the polar vortex. The

major decrease in 1993 SH vmlex ozone was in mid-winter, when MLS was looking

north. An ozone increase in the middle and upper stratosphere in late August is transient,

associated with an isolated warming at that time, which weakens the vollex  only ten~-

porarily. The weakening of the 1992 SH vortex in early September suggests that more

poleward  transpon  is likely in the 1992 S11 late winter than in 1993. This is consistent

with calculations of air motion for these two winters [Manney  et al., 1994d, submitted to

.1. Arms. Sci. ]. Time-series of zonal-mean  ozone [Froicievaux et al., 1994,  submitted to

3, A tmm. Sci. ] indicate similar increases in high latitude ozone in the mid-stratosphere.

The above picture is consistent with the early decline in vortex ozone in the middle

an(i upper stratospilere  being due to se,asona]iy  developing ciownwe.lling  and differences

in the effects of diabatic  cooiing  on the distributions of PV and ozone, and with the

increases being due to horizontal transpml of ozone during stratospheric warmings, The

effect of downweiling  is to lower the level of the ozone peak, and reduce peak mixing

ratios by broadening of the peak or by horizontal divergence. Diabatic effects can alter

tile relationship of ozone to PV in other ways as weli [e.g., Butcimt  and Remsberg 986,
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1 ]nynes and Mclntym 1987], so that changes in PV may also alter the area-average within

a I’V contour. Warming events which significantly perturb the zone of strong PV gradi-

ents are much more frequent and pemistent  in the NH than in the S11, and the strongest

events are usually in the Nfl late winter. While the early winter ozone mixing ratio peak

is at higher 0 in the S}3, and in December 1993 in the Nf3, by late winter the peak moves

down to comparable levels in all five winters. 3’his  descent is pwlicularly rapid during

late December 1993/early January 1994, consistent with enh:incecl  diabatic  descent LIur-

ing the strong stratospheric warming at that time.

One striking difference between the NI I and S11 is the vertical variation of vortex

ozone  in early winter at levels below the ozone peak. Below about 700 K the vertical gra-

dient of ozone  in the SH vortex is small in early winter, particularly in 1993. in the NH

vertical gradients of vortex ozone are remarkably similar in the three years below about

700 K in early winter, and are much stronger than those in the SH. Early winter SH verti-

cal ozone, grac!ients are much stronger than in the NH between about 700 K and 900 K.

Ozone in the lower stratosphere shows little trend in the NH vortex area over the

Decenlber/e:irly  January time period, in the SH early winter, in late June 1992, ozone

(iecreases slightly between =550 and 600 K; Manney et al. [ 1994e, submitted to J. Atmos.

Sci. ] suggest that this is likely due to chemical loss, as it appears inconsistent with the

results of transport c:ilcu]ations. A similar, but even smaller, decrease is seen near these

levels  in 1993.

Between early July and nlid-August in the SH, ozone throughout the lower strato-

sphere decreases substantially; Waters et al, [ 1993b] show that enhanced chlorine nlonox-

ide was seen throughout the sunlit pail of the vortex by early July 1992, so chemical

depletion of ozone would be expected. in the NH, slight decreases are seen betweei~

early January and inid-Febri]ary  in 1992 and 1993 below =500 K; a slight increase is seen

in 1994. Enhanced CIO was seen in the NH in early January 1992 [Waters et al. 1993a]

and from middle to late February 1993 [Manney et al, 1994a]; in 994, little enhancement
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of C]() was seen in either early JallUary  or mid-February, consistent with warmer lower

stratospheric temperatures at this time [Waters et al. 1994, paper in preparation], Since

dynamical effects would generally be expected to increase ozone in the lower strato-

sphere at this time, especially in January 1992, when there was a strong stratospheric

warming [e. g., Manney et al. 1994a], the slight decreases in 1992 and 1993 between early

and late winter are suggestive of chemical 10SS.

By nlid-February  1992, MIX observed a significant decrease in enhanced CIO from

values observed in January 1992, and lower stratospheric C1O continued to decrease

through the late winter. NH lower stratospheric vortex ozone increases slight] y in Febru-

ary and March, consistent with dynamical effects [ Manney et al. 1994a]. Manney et al.

[ 1994a] showed that the decrease in NH vortex-averaged lower stratospheric ozone

between mid Feb and n~id-Mar 1993 was not consistent with dynamical effects, and ele-

vated CIO values at this time indicate chemical depletion. Manney et al. [ 1994e, subnlit-

ted to J. A ftmv. Sci. ] showed that transport processes would have caused ozone to

increase significantly at this time, suggesting that chemical processes are responsible for

ozone destruction greater than the observed decrease in ozone.

Lower stratospheric ozone in the SH late winter decreases rapidly from nlid-August

to n~id-Septen~  her. At 465 K in the SH in both 1992 and 1993, MIS observed enhanced

C1O persisting through at least the end of its south-looking period [Waters et al. 1993a,b;

Waters et al. 1994, paper in preparation]. ‘l’he steep decrease in lower stratospheric ozone

during August and September is consistent with chemical destruction being the dominant

mechanism for changing ozone at this time. The vortex averaged oz,one at =465 K is

higher during early winter in 1993 than 1992, but lower during late winter, During  late

winter, the rate of ozone decrease is nearly identical in the, two winters. Vortex-: iveragecl

C1O at 465 K was slightly higher at the beginning of the Aug/Sep period in 1993 than

1992, and decreases more slowly  over the time period [Waters et al., paper in prepara-

tion], consistent with the slower increase in lower stratospheric temperatures (Fig. 4).
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Thc contrast in the distribution of ozone in the northern and southern hemispheres is

striking, and reflects the differences in the polar vor(ex in the two hemispheres. Because

there is much stronger wave activity in the Nl+, and the vortex is weaker, ozone in the NH

middle and upper stratospheric vortex increases much mm-e rapidly in late winter. In the

1993/J  994 NH winter, there was considerably less wave activity in the mid-stratosphere

during  middle and late winter than in the other two NI 1 winters. As a result of this, and of

an early winter ozone distribution already more similar to the S} 1, the mid-stratospheric

ozone distribution during the 1993/1 994 N]] winter bears a stronger resemblance to that

in the SH winters, as was seen in Figs. 1 and 2. In the lower stratosphere, the more dis-

turbed NH conditions give rise to higher temperatures (Fig. 4) and thus considerably less

time when conditions are such that PSCS can form and lead to ozone destruction via chlo-

rine chemistry. The result is a pattern of ozone in the lower stratosphere that is usually

(iominated by dynamics in the NH and one that is dominated by chemistry in the SH,

Differences in the vertical distribution of ozone have a profound effect on the trends

in column ozone,  Froidevaux  et al. [ 1994, submitted to 1. A mm. Sci. ] show that,

although lower stratospheric ozone is decreasing in Feb and March 1993, column ozone

is increasing in high latitudes; in contrast, the column ozone decreases rapidly in late

winter in the SH, the well-known “ozone hole”. ]n Figure 6, we examine the distribution

of ozone mass in the polar vortex in the two hemispheres. The mass of ozone in the polar

vor[ex is calculated for layers throughout the stratosphere as described by M anney et al.

\ 1993], and these layers are summed over various ranges to estimate the mass of ozone in

the polar vortex. The mass of air in the vortex is estimated in the same manner, Figul”es

6a-d show the sums from the lower to upper stratosphere (covering 400- 1570 K). IJ] the

NH both ozone and air mass al<e decreasing in early winter. This reflects mainly the

motion of these isentropes to lower pressure, as the stratosphere cools. Of the three NH

winters studied, because the lower stratosphere is warmest (coldest) in 1993/1 994

(1992/1 993) in the NH, the air mass is greatest (least) between two given isentropes. In
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the SH, the areal extent of the vortex issignificfintly I:irger,  but coltiertemperaturesr  aise

the isentropes  to lower pressure, so the total masses are similar in the two hemispheres.

in early winter, the slight increases in ozone mass in the SH vortex generally follow those

of the air itself. In late winter, the ozone and air mass in the NH show different trends in

each year; as will be shown below, this is due to the combineci  effect of opposing trends

above and below 690 K. In the S14, the air mass is slightly decreasing in late winter.

IIowever,  the S14 decrease in ozone mass is large compared to that in the air mass, consis-

tent with widespread chemical depletion of ozone.

Fig. 6e through 6h show the ozone mass between 690 and 1570 K, in the middle and

upper stratosphere, and Fig. 6i through 61, the ozone mass between 400 and 690 K, in the

lower stratosphere. in early winter, the distribution of ozone is similar in the two hemi-

spheres, with =30% of the ozone mass in the vortex in the middle and upper stratosphere.

It] contrast, in late whiter, the ozone mass increases rapidly in the middle and upper

stratosphere jn the NH, and only slightly in the SH, so that near the end of these time

series there may be up to twice as much ozone mass in the NIJ middle and upper strato-

spheric vortex as in the SH.

The two dynamical effects discussed above also influence these estimates for the

upper an(i lower stratosphere sep:irate]y.  The fact that the ozmne mass is frequently larger

in the lower stratosphere in the S11 late winter than in the N] 1 ciesphe the large S}1 chemi-

cal ozone  10SS (Fjgure  6j an[i 61) is ~iue to the greater size of the SH lower-stratospheric

vortex. Lower temperatures in the S1+ result in less mass in a given area and isentropic

layer; this, as well as weaker poleward transport, contributes to sma]ler S11 ozone mass in

the middle and upper stratospheric vortex. An additional difficulty in using a sing]e I’V

contour at each level to define the vortex area is that the chosen contour may include

more of the vortex edge region during some periods than others, The high ozone mass in

the NH rni(idle and upper stratosphere in late winter 1992 (Fig. 6f) is due in part to the

fact that the chosen PV contour lies farther on the outer e~ige of the region of strong PV
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gradients (I:ig. 3), where 07jone mixing ratios are larger. “1’he NH ozone mass for late

winter 1992 may thus be somewhat overestim:ited,  but is still expected to be ltirger than

for 1993 and 1994 in late winter. These dynamical effects make it difficult to interpret

the trends shown in Fig. 6 in terms of changes in column ozone. However, Froidevaux  et

al, [ 1994, submitted to J Amos. Sci. ], clearly show that the column above the 22 hPa

pressure level contributes considerably mm-e to the total column at high latitudes in the

NH than in the SH. Since the ozone decrease in the N} 1 lower stratosphere in 1993 is less

than that typically seen in the SH, and since there is a larger contribution from the middle

and upper stratosphere, where ozone is increasing rapidly, the chemical depletion  of

ozone in the NH lower stratosphere in late winter 1993 was not evident in the column.

Synoptic Evolution in Late Winter

We examine here some details of the synoptic evolution of ozone in the middle ant]

lower stratosphere during late winter, when there is considerable dynamical variability.

Some aspects of the synoptic evolution of ozone in early winter are discussed by Manney

et al. [ 1994, submitted to Q. J. Roy. Mereon Sot. ].

Figure 7 shows synoptic maps of ozone, and several PV contours at 840 and 465 K

in February and March 1992. This is after the warming event in late January, anti the

polar vortex renl~ins  relatively weak in the mid-stratosphere. Although no major warnl-

ing occurs during this time period, the vortex at 840 K is highly distolled, and high ozone

can clearly be seet~  being drawn into the polar regions from low latitudes.

At 465 K, ozone is seen to increase slightly in the polar vol~ex  between 16 February

and 15 March 1992; this is expecte~i  from descent of higher ozone [Manney  et al. 1994a].

Since the late January warming resulted in temperatures rising well above those neces-

sary for the formation of PSCS, and since CIO had decreased considerably by 16 Febru-

ary [Waters et al. 1993a], any chemical loss is too small to modify the expected
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dynamical effect, The vigorous wave activity that is typical of the NH winter is obvious

in the distolled shape of the polar vortex at 465 K, and on 16 February and 9 March, nar-

row tongues of high ozone can clearly be seen being stripped off the edge of the vortex in

the lower stratosphere.

Figure 8 shows similar figures for several days in February and March 1993. The

polar vortex was still strong on 10 February, although shifted well off the pole. 24 Febru-

ary and 6 March are in the midst of two strong stratospheric warmings.  The later warm-

ing leads into the final warming (Manney et al. 1994b]. At 840 K in the mid-stratosphere,

large tongues of ozone are nearly continuously being drawn into the polar regions at this

time. There is little obvious evidence of material being drawn off the vortex, until the

time of the major warming (6 March and 14 March plots). The blob of low ozone that

appears in the low PV region (the “Aleutian high”) on some of these days is a common

feature in the NH winter, and chemical effects are thought to be impculant  in its origin

[Manney  et al, 1994, paper in preparation].

At 465 K, the vortex remains strong and high]y distorted during this time period,

and its shape changes very rapidly from day to day. On some days, including 6 March

1993, the vmlex reaches quite low latitudes. The main difference between 1993 and

other years for which ozone has been observed in the NH is that, between 10 Feb and 14

Mar, the ozone tnixing  ratio decreases significantly in the polar  vortex, with the sharpest

decrease during late February [Manney  et al. 1994a]. As during, the previous year, some

filaments of air with relatively high ozone mixing ratio are seen being drawn off the edge

of the vortex,

Figure 9 shows the vertical distribution of ozone and the vellical  structure of the

polar vmlex for the same days in Feb and Mar 1993, Fig, 9a through 9d are cross-

sections showing ozone and scaled PV as a function of longitude and (?, at 64°N; Fig. 9e

through 9h are cross-sections showing ozone and scaled PV as a function of latitude and

(?, along O to 180° longitude, As noted by Manney  et al. [ 1994f],  the polar vortex tilts
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westwmxl and equatorward  with increasing altitude during  the intensification of strato-

spheric warmings;  this behavior can be seen in the cross-sections on 24 Feb w~d 6 Mar,

although both these days are near the peak of the warmings  [Manney  et al. 1994b],  when

the westwatxi tilt with height has decreased [Manney et al. 1994f]. Near the edge of the

vortex, ozone  profiles frequently show complex and rapidly varying vertical structures,

with values characteristic of the exterior of the vortex at some levels, and of the interior at

others. Figure 1() shows four individual ozone profiles from MI ,S between 55° and

60°N, ranging from =320 m 360°E longitude on 6 Mar 1993. The western-most profile

is entirely outside the vortex, although it is near the edge at the lower levels; the eastern-

most one is entirely inside, The ozone values in the third profile indicate that it was san~-

p]ing air inside the vortex at 4.6 hPa, and outside at 10 hPa.

Figure 11 shows synoptic maps at 840 K and 465 K during Feb and Mar 1994. At

this time, the vortex is relatively strong in the middle stratosphere, but is weak in the

lower stratosphere until late in the period shown. III the middle stratosphere, although

there are no strong warmings  at this time, we once again see tongues of high ozone being

drawn around the vortex from low latitudes, and some evidence (e.g. 7 and 11 Feb) of

tails of low ozone being drawn off the vortex. in the lower stratosphere, ozone in the vor-

tex increases between 7 and 23 Feb, as would bc expected from diabatic  descent. A

decrease is seen between 23 Feb and 12 Mar 1994. At this time, the lower stratosphere

cooled below the threshold for PSC formation for approximately two weeks, and MIX

observed enhanced CIO in the vortex, indicating the possibility of chemical loss of ozone.

We note that in 1994, there are considerably larger areas of relatively high ozone

outside the vortex at 465 K than in 1993, and larger areas in 1992 than in 1993. Figure 3

showe(i  that, throughout the winter (before n~id-February),  the lower stratospheric polar

vortex was weakest in 1994 and strongest in 1993 in the Nfl. The patterns of high ozone

seen at mid-latitudes confirm that ozone is significantly more confine~i  within the vortex

in 1993 than in 1994, consistent with the relative strength of the lower stratospheric



vortex in those years. Because the vortex is stronger in the lower stratosphere when tenl-

pcratures are colder, those  years in which there is most potential for the activation of

chlorine and the associated chemical destruction of ozone will also generally be those in

which the air in the lower stratospheric vortex is most confined during winter. Downward

transport supplies higher ozone from above throughout the vortex, and near the vortex

edge, siqce significant diabatic  descent is confined to those regions [e.g., Schoeberl  et al.

1992, Manney et al. 1994d, submitted to .l Atmos. Sci. ]. Thus, most of the higher ozone

values are expected to originate from the vortex or the region near the vortex edge; exan~-

ination  of synoptic maps throughout the observed part of the winter shows that filaments

of high ozone being drawn out into mid-latitudes from the vicinity of the vortex edge are

a regular occurrence, but are larger and drawn off more frequently in 1994 than in 1992

or 1993, Calculations comparing transpm~ in the lower stratosphere for early 1993 and

early 1994 confirm that the lower stratospheric vortex is a considerably weaker barrier to

tranpm-t into mid-latitudes from the vortex edge region in

al. 1994d, submitted to J AWN. hi.].

Synoptic maps for

shown by Manney et al.

chemical destruction of

the SH 1992 winter in the n~id-

[1993] and Waters et al. [ 1993b].

994 than in 993 [Manney et

ratosphere wereand lower s

These showed the effects of

ozone in the lower stratosphere. II) the mi(i-stratosphere, evi-

dence of poleward transport of ozone was

August and September, as tongues of ozone

al. 1 993].

apparent during the minor warmings in late

were drawn into the polar regions [Manney  et

Figure 12 shows SH ozone at 840 K and 465 K in August and September 1993, 23

Aug is near the peak of a relatively strong minor warming; 14 Sep is at the beginning of

another, Although the strongest warmings i n the S}3 are considerab]  y weaker than those

that commonly occur in the NH, many similar features are noted in the behavior of the

polar vorlex and the ozone in the mid-stratosphere during these events. These include

]arge tongues of high ozone being drawn into the polar regions, and some evidence for
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tongues of low ozone being drawn off the vortex.

As in 1992, [Mtmney  et al. 1993, Waters et al. 1993a,b the S11 465 K ozone fields

for 1993 show marked effects of chemical destruction of ozone. As can be seen in the

time series shown in the previous sections, lower stratospheric ozone is lower during Aug

and Se/p 1993 than in 1992. Although some narrow filaments of higher  ozone are seen

being drawn off the edge of the vortex at 465 K, the extent of regions of higher ozone

outside the vortex is less than in any of the NJ 1 winters, consistent with the stronger and

less disturbed lower stratospheric vortex in the S1+.

Figure 13 shows vertical cross-sections of ozone and scaled PV

shown in Fig. 9 for the N};, on 23 Aug and 14 Sep 1993. A westward

similar to those

and equatorward

tilt of the polar vortex and the ozone field with height is apparent on 23 Aug, as is typical

during  stratospheric warmings. Because of the larger role that chemical destruction plays

in the lower stratosphere in the SH, there is an obvious drop in ozone mixing ratios in

crossing from outside to inside the vortex at the lowest levels shown in these plots. A

similar, although much less obvious drop, is seen in the NH during 1993 (Figure 9). Fig-

ure 14 shows individual ozone  profiles across the edge of the vol~ex  on 23 Aug. The vor-

tex tilts strongly westward with height on this day, and although the westernmost profile

sampled air from within the vortex at all levels, the other profiles shown sample air from

within the vortex up to 22 hPa, and air from outside the vortex above this level,

Summary and Conclusions

The time evolution of UARS MLS ozone  throughout the stratosphere during winter

is shown in relation to the evolution of the stratospheric polar vortex for three NH and

two S11 winters. The genera] results show po]eward and downward transport of ozone

throughout the stratosphere during December through March in the NH and June through

September in the SH, consistent with previous theoretical (e.g., Rood and Schoeberl



-21-

1983; Wu et al, 1987; Fisher et al. 1993; Manney et al. 1994d,  submitted to JAS] and

observational [Wu et al, 1985, Manney  et al. 1993] studies. Overall increases in high-

latitude ozone in the middle and upper stratosphere between early and late winter were

seen in the NH in 1991/1992 and 1992/1993, even at levels above the ozone mixing ratio

peak, indicative of strong po]eward transport at these levels. In the 1993/1994 NH and

the 1992 and 1993 SH late winter-s, ozone is still less than the early winter values above,

the mixing ratio peak but greater below, reflecting the effects of downwelling.

Planetary wave activity increases during late winter in both hemispheres, weakening.

and shrinking the polar vortex. Rapid increases are seen in vortex ozone in the middle

and upper stratosphere during stratospheric warmings. Planetary wave activity is more

persistent in the NH than in the SH, thus the NH polar  vortex is weaker and more dis-

torted, The corresponding NH high-latitude ozone increases in the middle and upper

stratosphere are much larger than in the SH. The rapid increase in vortex ozone during

warming events can be followed by a decrease if the vmlex  recovers. Both poleward and

downward transport are enhanced during stratospheric warmings, results of transport by

p]tinetary  scale waves and increased diabatic  descent due to larger departures from radia-

tive equilibrium. High latitude ozone increases during strong  stratospheric warmings

even at levels above the mixing ratio peak, indicating that horizontal transport is particu-

larly important in the middle and upper stratosphere during such events. In the three NH

winters shown, the increase in mid-stratospheric polar ozone is related to the timing,

intensity and persistence of stratospheric warmings. Much less increase is seen in mid

and late winter 1994, when the NH mid-stratospheric vol~ex  remains relatively strong and

undisturbed compared to the other years. in this regard, the 1993/1994 NH winter resem-

bled those in the SH. However, the SH vortex is even stronger and only a small increase

in ozone mixing ratio in the high latitude mid-stratosphere is seen over the winters; this

small increase is again associated with increasing wave activity in late winter,
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Ozone decreases during  late winter in the

destruction by chlorine chemistry [Waterset  al.

for heterogeneous chemistry to occur (i.e., low

1993a, b], presence of polar stratospheric C1OUCIS

S11 lower stratosphere, consistent with

19931>],  Conditions there are favorable

temperatures, high CIO [Waters et al.

[Mergenthaleret  al. 1993] )forasuffi-

ciently  long time that the changes are large and can be attributed with confidence to

chemical destruction of ozone. The behavior in the NH is more ambiguous. Evidence

was previously presented suggesting chemical destruction of ozmne  in the lower strato-

sphere during January and February 1992 [Waters et al. 1993a]; Manney et al. [1994a]

demonstrated that the decrease in ozone in February and March 1993 could only be

explained by chemical depletion. In late February and early March 1994, a decrease is

seen in lower stratospheric ozone, concurrent with a decrease in temperatures and

enhancement of C1O. This suggests chemical ozone depletion at this time; fullher analy-

sis is underway to determine whether any dynamical processes cou 1 d have caused ozone

to decrease.

The synoptic evolution of ozone and the polar vortex is shown during late winter

1992, 1993 and 1994 in the NH, and 1993 in the SH, l-he NH mid-stratospheric polar

vortex is always distorted, and tongues of high ozone are drawn into the NH polar regions

throughout late winter. In 1993, this behavior intensifies during the stratospheric warn~-

ings, and long narrow tongues of low ozone are drawn off the vortex around the anti-

cyclone in the mid-stratosphere. in the SH, the mid-stratospheric vortex is more syn~nlet-

ric about the pole except during warmings,  :ind tongues of high ozone  are drawn into the

polar regions only at the time of stratospheric warmings. only during the peak of the

warmings is it obvious that low ozone is being drawn off the vortex, The tongues of high

ozone pulled into high latitudes reflect the enhanced po]eward transport associated with

stratospheric warmings.

Synoptic maps of ozone  in the NH lower stratosphere demonstrate a relationship

between the extent of higher ozone values seen at middle latitudes, outside the vortex,
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and the, strength of the lower stratospheric vortex, as indicated by the 465 K 1’V gradients.

in 1994, the lower stratospheric vortex was considerably weaker during most of the NH

winter than in 1992 or 1993, and much larger areas of higher ozone are seen outside the

vortex in 1994. Manney et al. [ 1994a] showecl that in Feb 1979, during a NH winter

when the lower stratospheric vortex was even weaker than in 1994 [Zurek et al. 1994,

paper in preparation], even larger areas of relatively high ozone (from LIMS n~easure-

ments) are seen outside the vortex. The degree of isolation in the NH winter is thus quite

variable, and lower stratospheric ozone is expected to be much more confined in the vor-

tex during winter in the coldest years, As discussed by Froidevaux  et al. [ 1994, submitted

to J. Atmm.  S’ci. ], MI.S observed low column ozone in the 30° to 60°N latitude band in

the NH late winter of 1993, consistent with the anomalously low TOMS observations

[Gleason et al. 1993, Herman and Larko 1994]; these low column values came primarily

from lower ozone between 100 and 46 hPa. Although part of this is thought to be due to

effects from Pinatubo,  some aspects are difficult to explain by those processes alone [see

discussion by Froidevaux  et al. 1994, submitted to J Atmos. Sci. ]. As shown here, the

problem is further complicated by dynamical effects which tend to result in lower n~id-

latitude ozone in the NH winter of 1992/1 993.

The differences in wave activity and strength of the polar vo]lex between NH and

SH result in very different vellical  distributions of ozone in the polar regions of the two

hemispheres in late winter, In the NH late winter, the middle and upper-stratosphere con-

tribute much more to the total ozone column than in the S1+, This makes it difficult if not

impossible to diagnose changes in lower stratospheric ozone solely from column n~ea-

surements,
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Figure Captions

FiguI-e  1. Thirty-day averages of zonal  mean ozone mixing ratio (ppmv)  as a function of

latitude and pressure, for (a) to (e) early winter and (f) to Q) late winter; and (k) to

(o) the difference (ppmv) between late winter and early winter plots  for each winter,

with dashed contours indicating less ozone in late winter. The labe]ecl press~lre  lev-

els correspond to those at which MLS  ozone is current] y retrieved.

Figure 2. Thiny-day  averages of ozone mixing ratio (ppmv) averaged around a I’V cpn-

tour, as a function of PV and potential temperature, 0, for the same time periods

-4 s-1shown in Fig. 1. Vertical line at 1.4 x 10 shows the W contour enclosing the

area over which averages are taken in Fig. 5.

Figure 3. Area integrals of PV for 120 days statling 1 Dec in the NH and 1 Jun in the

SH, (a) to (e) 840 K in the mid-stratosphere, and (f) to (j) 465 K in the lower strato-

sphere. ~() ~. x 10-4 s-l, ~ith aThe contours are scaled PV, from ().8 x 10-4 s -1 . .

-4 -1contour interval of 0.2 x 10 s -4 -1; the bold contour is 1.4 x 10 s . Heavy hori-

zontal bars near the bottom of the 840 K plots show the averaging periods used in

Figs. 1 and 2. Arrowheads indicate approximate times of the peaks of significant

stratospheric warmings,  as discussec] in the

in the 840 K contours is due to changes in

bank and O’Neill 1994].

text. The discontinuity on =5 Dec 1991

the UKMO analyses at this time [Swin-

Figure  4. Time series as a function of 61 of minimum daily temperatures (K) at scaled W

-4 s-1v a l u e s  gl<eater than 1.4 x 10 . The contour interval is 5 K, with dark shading

below 195 K (a typical threshold for PSC formation in the lower stratosphere), and

light shading between 205 and 210 K.

Figure 5. Time series for early and late winter MIX high latitude observing periods of

ozone mixing ratio (ppmv) averaged over the area where the scaled PV is greater

thal) ~ d x 10-4 ~-l., as a function of t?. The contour interval is 0.2 ppmv, with dark



-30-

shading between 2.4 and 2.6 ppmv, and light shading between 6.0 and 6.2 ppmv.

Blank spaces in the interior of individual series are either (iays when sufficient data

were missing that the gridding  procedure could not be applied, or days when there

are known data problems in high latitudes.

Figure 6. (a) through (d) estimates of ozone and air mass in the stratospheric polar vortex

between 400 and 1570 K for early and late winter. Green line shows 199 1/1 992,

blue line 1992/1 993, red line 1993/1 994 in the N11; green line shows 1992 in the SH

and blue line shows 1993. See text for de~~ils  of calculation. (e) through (h) esti-

mates of ozone mass in the polar vortex between 690 and 1570 K, (i) through (1)

estimates of ozone mass in the po]al< vmlex between 400 and 690 K.

Figure 7. Synoptic maps of ozone mixing ratios (ppmv) with overlaid PV contours at 840

K and 465 K, on 16 Feb 1992, 26 Feb 1992, 9 Mar 1992 and 15 Mar 1992 in the

-1 -1NH. Overlaid PV contours at 840 K are from 3.0 to 6.0 x 10-4 K n12 kg s , with

-1 #a contour interval of 1.0 x 10-4 K n12 kg ; PV contours at 465 K are from 0.2

-1 -1
to 0.35 x 10-4 K n~2 kg s , 2 -1 -1with a contour interval of 0.05 x 10-4 K m kg s .

Projection is orthographic, with 0° longitude at the bottom of the plot, and 30 and

60° latitude circles shown as thin dashed lines.

Figure 8. As in Fig. 7, but for 10 Feb 1993, 24 Feb 1993, 6 Mar 1993 and 14 Mar 1993.

Figure 9. Vertical sections of ozone mixing ratios  and scaled PV contours for the (iays

shown in Fig. 8. (a) through (d) show longitude/tl  sections at 64°N; (e) through (h)

show ]atitude/6J section across the pole along 0° to 180° longitude. lJnits of scaled

~,v are ~ 0-4\- 1. .

Figure 10. individual ozone profiles on 6 Mar 1993, crossing the vortex edge. Approxi-

mate profile locations are indicated in Fig. 8.

Figure 11. As in Fig. 7, but for 7 Feb 1994, 11 Feb 1994,23 Feb 1994 and 12 Mar 1994.
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Figure  12. As in Fig. 7, but for the SH on 9 Aug 1993, 23 Aug 1993,4 Sep i 993 and 14

%p 1993.0° longitude is at the top of the plots.

Figure 13. As in Fig. 9, but for the S13 on 23 Aug 1993 and 14 Sep 1993, and with (a)

and (b) at 60°S latitude.

Figure  14. As in Fig. 10, but for 23 ALIg 1993 in the SH.



TABI.E 1: (JARS MI.S I] IGII-LATITIJDE WINTER COVERAGE

NOMINAI, DAYS OF
SEASON HIGH-LATITUDE MISSING OR

I

HEMISPHERE COVERAGE DATES INCOMPLETE DATA

EARLY WINTER

NH 05 Dcc91 - 13 Jan92 -------

NH 30 Nov 92-08 Jan 93 -------

NH 26 Nov 93-04 Jan 94 3-4 Dcc 93 ; 24-25 DCC 93

s H 01 June 92-12 JLlly 92 1-14, 18-19, 23-26 Junc 92
8-9 July 92

.s H 29 May 93-07 July 93 -------

LATE WINTER

NH 15 Fcb 92-22 Mar 92 -------

NH 10 Fcb93  - 19 Mar93 15 Mar 93

NH 05 Fcb 94-14  Mar 94 28 Fcb -1 Mar 94
4-7 Mar94

s H 14 Aug 92-21 SCpt 92 -------

SH 09 Aug 93-16 Scpt 93 -------
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